Coumarin, sulphonated coumarin, and biscoumarin compounds were examined for their effects on suppressing the adipocyte differentiation in 3T3-L1 cells. Many of them inhibited the adipocyte differentiation in a dose dependent manner, amongst them compounds (7), (28), and (33) significantly suppressed the adipogenic differentiation, and also exhibited lipolytic effect on mature adipocytes. The active compounds potentially imitate the AMP-activated protein kinase (AMPK) ligands, therefore, binding of these compounds with AMPK possibly shuts down the anabolic pathways. Furthermore, these compounds were docked into binding pockets with reasonable predicted binding constants in the low micromolar range. These results indicate that compounds (7), (28), and (33) inhibit adipogenic development in preadipocytes, having lipolytic effect on mature adipocytes, and can be potent activators of human AMPK.
Introduction

Obesity
Obesity has become a serious health problem that constitutes the greatest threat to global human well-being. Many factors involve in the progression of obesity, for instance, genetic variation, endocrine disorders, nutritional and medicinal changes, to name a few. This leads to several pathological conditions, such as diabetes, hypertension, hyper-lipidemia, and cardiovascular diseases [1] - [3] . The prevalence of obesity epidemic varies in different races and communities of the world, mainly associated with heredity, gender, dietary patterns, life style and behavior.
Adipose tissue is one of the main connective tissues that are metabolically crucial for insulin sensitivity, and energy homeostasis. Its primary function is to store excess nutrients as triacylglycerols, and to release free fatty acids during fasting. Adipose tissues secrete more than 50 hormones and signaling molecules, collectively called adipokines, which are involved in energy homeostasis, glucose metabolism, and immunity [4] , vasculature and metabolic changes associated with body weight change. More specifically, adipokines can exhibit either pro-inflammatory or anti-inflammatory properties, thereby contributing to insulin resistance. In obesity, adipocytes undergo abnormal growth characterized by increased numbers of fat cells (hyperplasic) or increase in adipocyte volume (hypertrophic), resulted in insulin resistance, lipid and other consequent disorders. Pathological adipocyte growth is based on the excessive mitogenesis and differentiation. Therefore inhibition of mitogenesis and differentiation of pre-adipocytes to adipocytes can prevent the initiation and progression of obesity [5] . With recognition of the epidemic of obesity, the need of effective treatments is increasing day by day in order to improve the quality of life because it is a degenerative disease, for which none of the current medications provide a cure. Thus, when treatment is stopped, patients regain body weight since the disease is still present. Only five new drugs have been registered over the last fifteen years, namely, dexfenfluramine (Redux®), sibutramine (Meridia®, Reductil®), orlistat (Xenical®) and rimonabant (Acomplia®), for the treatment of obesity. The antiobesity drug candidates in different phases of clinical trials include the centrally-acting monoaminergic food intake regulators (tesofensine, ATHX-105 and PRX-0703), hypothalamic neuropeptides (obinepitide), gut hormones (TKS 1225), and various combination products (empatic®, contrave® and pramlintide/ metreleptin) [6] - [8] . Besides the pharmacological treatment, the emphasis is now on behavior therapy, as adjunct therapy, that aims to modify the dietary habits and sedentary life style. It has been reported that some drugs have a potential to target metabolic pathways of adipocytes, liver and skeletal muscles in preclinical trials, but none has yet reached to the clinical trials.
Coumarin and Biscoumarin
Coumarins represent an important class of natural, and synthetic analogues of oxygen containing heterocycles. They have a typical benzopyrone structure with rich electron and good charge transport properties [9] . Coumarin backbone is extensively applied to synthesize diverse functional molecules for biological diagnosis, and as probes. A great deal of work has been directed not only towards the purification of naturally occurring coumarins from a variety of plants, animals, and microorganisms, but also towards the synthesis of coumarin analogues with novel structures and properties [10] - [12] . Coumarins and their derivatives as pharmacophores have attracted intense interest. These compounds have the ability to engage in non-covalent interactions (hydrophobic, π-π, and electrostatic interactions as well hydrogen bonding, metal coordination, van der waals forces etc.) with various active sites in bimolecules, and thus display a wide range of biological activities, such as anticoagulant [13] , antineurodegenerative [14] , antioxidant [15] , anticancer [16] , anti-inflammatory, anti-diabetes, antidepresive [15] , antimicrobial efficacies [17] , etc. 4-hydroxycoumarin derivatives of natural or synthetic origin has attracted much interest in several fields [18] - [20] . These compounds are reported to have diverse biological activities, such as coagulant, insecticidal, antihelmintic, hypnotic, HIV protease inhibition, and antifungal activities [21] - [24] . Biscoumarin (a 4-hydroxycoumarin dimer), another important class, has attracted great interest due to the novelity of its molecular structures and diverse biological properties. The presence of two intramolecular hydrogen bonds, and different substituents on the central linker methylene enables it to interact with various enzymes and receptors through weak bond interaction, thus exhibit versatile biological activities, for instance, antifungal, anti HIV, anticancer, antithrombotic, anticoagulant, antimicrobial and antioxidant [25] - [32] , urease inhibitory [33] , cytotoxicity and enzyme inhibitory activities [34] - [36] . In conclusion, coumarin derivatives in general, and biscoumarins, in particular, have received considerable attention because of their biological importance and numerous pharmacological activities.
Experimental
Materials
Swiss albino mouse 3T3-L1 fibroblast (CL-173) cells were purchased from the American Type Culture Collection (Manassas, VA, USA), while 3T3-NIH mouse fibroblast cells were obtained from Aga Khan University Hospital, Karachi, Pakistan. Fetal bovine serum (FBS) was purchased from Invitrogen (Grand Island, NY, USA) and Biowest (9871-5244). DMSO (≥99% purity), ethanol (99.5% pure absolute and non denatured alcohol), methanol (≥99% purity), isopropanol, 3-isobutyl-1-methylxanthine (IBMX), dexamethasone (DEX), insulin, penicillin (1000 U/mL), streptomycin (1000 U/mL), sodium bicarbonate, sodium hydroxide, curcumin (≥94 purity), epigallocatechin gallate (EGCG, ≥95 purity), and RIPA buffer were purchased from Sigma-Aldrich (St. Louis, 
In Vitro Assays
Antiadipogenesis Assay 1) Method
The antiadipogenic effect of test compounds was evaluated by using the in vitro adi- and all experiments were performed in triplicate. Curcumin and epigallocatechin gallate were used as standards in this assay.
2) 3T3-L1 Cell Culture B3T3-L1 Pre-adipocyte cell line was obtained from ATCC (American Type Culture Collection, Rockville, MD, USA). Cells were cultured in DMEM-F12 (Dulbecco modified eagle medium, nutrient F12), with 10% fetal bovine serum (FBS), 100 1U/mL penicillin, 100 μg/mL streptomycin and 2 mM glutamax. Cells were incubated at 37˚C with 5% CO 2 . Cells were examined under a phase contrast microscope, when cells reached 80% of confluence in culture flask, the medium was removed, and the cells were rinsed twice with PBS (Without Ca and Mg). Washing solution was replaced with 1 -2 mL trypsin EDTA solution for 2 -3 minutes until the cells were completely detached. The cell suspension was centrifuged at 1200 rpm and 25˚C for 10 minutes, cell pellet was resuspended in complete medium, and the number of cells was counted by using hemocytometer. Preparation of cells for assay: Fresh cultured cells were used for the test. Cell suspension 3T3-L1 (2 × 10 3 cells/mL) was prepared for seeding the 96-well plate. 100 μL of cell suspension was dispensed in each well of the 96-well plate, and placed in the incubator for 24 hours (37˚C, 90% humidity, 5% CO 2 air). Plates were examined under the microscope to assure the even growth all across the micro titer plates. Preparation of test compounds: The test compounds were prepared immediately prior to use in aseptic condition. Stock solution was made with 0.5 mg/mL in 0.001% of DMSO.
3) Oil Red O Staining 3T3-L1 adipocytes were washed with PBS, fixed with 10% formalin in PBS for 1 hour, and then stained with Oil Red O (six parts of 0.6% Oil Red O in isopropanol and four parts of water) for 20 minutes. Excessive stain was removed by washing with deionized water three times, and the stained cells were dried and then oil droplets were dissolved in 100 μL of isopropanol, and quantified by measuring the absorbance at 520 nm. The method has been followed as described by Ejaz A. [37] . Briefly, IC50 Values were calculated by using EZ-Fit enzyme kinetics program (Perellela Scientific, Inc., Amherst, Massachusetts, USA).
4) Protein Extraction and Western Blot
In order to determine the changes in the protein expression of enzymes involved in adipogenesis, cells were washed with ice cold PBS and scrapped with the RIPA lysis buffer (150 mM sodium chloride, 1.0% NP-40 or Triton X-100, 0.5% sodium deoxycholate, 0.1% sodium dodecylosulphate, 50 mM Tris). The supernatant was centrifuged at 15,000 g for 15 minutes at 4˚C. The protein concentration was measured by modified Lowry protein assay. The western blotting was performed using SCD-1, antibody involved in fatty acid metabolism. The expression of SCD-1 was normalized with β-actin expression. The membranes were scanned by using Versa Doc Scanner, and calculations and correction of bands were done by Image Studio Lite software (LI-COR, Biosciences, Lincoln, Nebraska, USA).
Cytotoxicity Assay (MTT Assay)
1) Method The cell growth inhibitory effect of test compounds was determined by using the MTT assay on 3T3-NIH. For the assay, cells were grown in DMEM containing 10% FBS and 2% antibiotic (Penicillin/streptomycin), maintained at 37C with 5% CO 2 level for 24 hours incubation to allow for cell adherence. Various concentrations of sample (50, 25, 12.5 μg/mL) were added into the well and incubated for 48 hours. A 50 μL MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide) (2 mg/mL) were added to the well, 4 hours before the end of incubation. Medium and reagents were aspirated and 100 μL DMSO was added and mixed thoroughly for 15 minutes to dissolve the formazan crystals. The absorbance was measured at 570 nm using microplate Spectra Max 340 (Molecular Devices, CA, USA). At the end, IC50 values were calculated and at least three independent experiments were carried out for each sample. Cycloheximide was used in this assay as a positive control.
2) 3T3-NIH Cell Culture 3T3-NIH Cell line was obtained from Aga Khan University Hospital, Karachi, Pakistan. Cells were cultured in Dulbecco modified eagle medium (DMEM), with 10% fetal bovine serum (FBS), 100 1U/mL penicillin, 100 μg/mL streptomycin and 2 mM glutamax. Cells were incubated at 37˚C with 5% CO 2 . Cells were examined on a daily basis for checking the confluency, under a phase contrast microscope. When the cells reached 80% of confluence in culture flask, the medium was removed, and the cells were rinsed twice with PBS (Without Ca and Mg). Washing solution was replaced with 1 -2 mL trypsin EDTA solution for 2 -3 minutes until the cells were completely detached. The cell suspension was centrifuged for 10 minutes at 1200 rpm and 25˚C. The cell pellet was resuspended in complete medium, and the number of cells was counted by using hemocytometer. Preparation of cells for assay: Fresh cultured cells were used for the test. Cell suspension of 3T3-NIH (1 × 10 5 cells/mL) was prepared for seeding the 96-well plate. 100 μL of cell suspension was dispensed in each well of the 96-well tissue culture microtiter plate, and placed in the incubator for 24 hours (37˚C, 90% humidity, 5% CO 2 air). Plates were examined under the microscope to assure the even growth all across the microtiter plates. Preparation of test compounds: The test compound solutions were prepared immediately prior to use in aseptic condition. Stock solution was made with 0.5 mg/mL in 0.01% of DMSO. 
Results
Chemistry
In Vitro Antiadipogenesis Assay and Evaluation of Cytotoxic Effect of Test Compounds by MTT Assay
Coumarins
The inhibitory activity of compounds (1 -24) on adipocyte differentiation was evaluated by in vitro antiadipogenesis assay. The basic structure of the coumarins is shown in Scheme 1.
Among the various coumarins tested, compounds (7) The absence of second hydroxyl group at C-8 in compound (11) decreases the activity as compared to compound (7), while the substitution of -CONH 2 at C-3 in com-
pound (14) increases the inhibitory effect to some extent, as compared to compound (7) . These compounds were found to be non cytotoxic in the MTT assay. Compounds (12) showed low IC 50 value in antiadipogenesis assay, not only due to inhibitory effect but also loss of cell adherence quickly. Further studies on different parameters for this compound are under way (Table 1) .
Sulphonated Coumarins
Antiadipogenic activity of compounds (25 -30) , and standards i.e. curcumin and epigallocatechin gallate were determined by in vitro adipogenesis assay. Table 2 .
Biscoumarins
The inhibitory activity of compounds (31 -38) on adipocyte differentiation was evaluated by in vitro antiadipogenesis assay. The basic skeleton of biscoumarins is shown in Scheme 3. Hence in in vitro screening of three pharmacologically important classes, several compounds i.e., (5) , (7), (11), (12), (14), (28) , and (33) showed a significant inhibitory effect on adipogenic differentiation (Tables 1-3) . It was also observed that these compounds also have lipolytic effect on mature adipocytes (see Figure 1 and Figure 2 ). In order to further investigate the effect of these compounds at the molecular level, compounds (5), (7), (11), and (33) were examined for mRNA levels of genes (5), (7), (11) , and (33) on expression of SCD-1, (b): dose dependent effect of compound (7).
MDI (Mixture of Differentiation Inducers). SCD-1 was shown to be essential for the onset of diet-induced body weight gain. Compound (7) remarkably down regulated the expression of SCD-1 in a dose dependent manner. Compound (5) also significantly suppressed the expression of SCD-1, while compound (33) suppressed the expression of SCD-1 to a lesser extent, and compound (11) did not show any suppressive effect ( Figure 3 ). Hence it can be concluded that compound (7) [7,8-dihydroxy-4-methyl-2H-chromen-2-one] showed a remarkable inhibition of adipocyte differentiation, lipo-lytic effect, and non cytotoxic effect, and was capable of suppressing the SCD-1 expression, a key lipogenic enzyme ( Figure 3 ). Thus, it will be of interest to further study this compound at molecular level and to evaluate its effect on adiposity in in vivo model. 
Discussion Possible Mechanism of Active Coumarin via AMPK Activation
The active compounds (7), (28), and (33) In order to further investigate the possibility of the basic coumarins, sulphonated Figure 4 . A schematic diagram that depicts the probable biochemical pathway to decreased fatty acid esterification.
coumarins, and biscoumarins activating AMPK, comparative docking studies using Autodock [38] , were performed with the 3 dimensional coordinates from the Protein Data Bank (PDB) of human AMPK. As shown in Figure 5 , PDB code 2YA3 [39] and PDB code 4CFF [40] of human AMPK were co-crystallized with coumarin-ADP,
(e) Figure 5 . A docking results from Autodock [38] automated docking program of adipogenesis inhibitory compounds tested in the antiadipogenesis assay (7), (28) , and (33) . These compounds were docked into the binding pockets of AMPK PDB codes 2YA3 [39] and 4CFF [40] . (a) and (b) 2YA3 [39] , middle (c) and (d) and lower panels (e) are 4CFF [40] . In (a), (c), and (e), compounds (7), (28) , and (33) are replacing the original co-crystallized small molecule activators coumarin-ADP, STU (Staurosporine), and C1V (a thienopyridone derivative) respectively. pyridine-5-carbonitrile, and staurosporine, respectively. The compounds (7), (28) , and (33) were docked into the binding pockets with reasonable predicted binding constants in the low micromolar range.
Taken together these results suggest that these compounds are potent activators of human AMPK ( Figure 5 ).
